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Abstract

Rock burst is a serious geological hazard in deep underground mines affecting progress of mining operations. Although rock burst is
a complex process, a distribution law of fractal characteristics can explain the rock failure mechanism. Using a servo-controlled
testing system, uniaxial cyclic loading tests on coal rock specimens were conducted to investigate the fractal characteristics of the
fragments under different loading rates. To comprehensively characterize the coal fragments of different sizes, samples were divided
into four groups of different size: particles, fine, medium-size, and coarse fragments. The distribution of the fragments under uniaxial
cyclic loading conditions was then investigated based on the theory of fractal geometry, and the relationships between fractal
dimensions and loading rates. Under uniaxial cyclic loading and unloading conditions, most of the fragments are irregular wedges
and bulks, exhibiting obvious shape characteristics. Under various loading rates, the length-quantity fractal dimensions of the coal
fragments ranged from 0.74 to 1.44, the width-quantity fractal dimensions range from 0.44 to 1.65, and the thickness-cumulative
mass fractal dimensions range from 1.0 to 1.33. The coal rock’s crushing size-mass fractal dimensions under different loading rates
were 2.27, 2.30, 2.32, and 2.35, respectively. Under a small loading rate, the dimension-quantity fractal dimensions are relatively
small, suggesting that the coal rock was less crushed, with large fragments differing greatly in length, width, and thickness. The
results show that the coal rock fragments exhibit certain shape characteristics after the cyclic loading, like irregular shapes and
wedges. Under a larger loading rate, the fragments showed greater fractal dimensions of both size and mass; the coal samples
crushed more thoroughly with more uniform fragments in length, width, thickness and mass. The conclusions obtained in this study
confirm the classification and fractal characteristics of coal rock fragments by uniaxial cyclic loading conditions in laboratory test
and provide the basis for further study on the mechanism of rock burst. This study is helpful for us to make a thorough inquiry the
danger degree of rock burst in coal mine by using fractal geometry, understand the effects of methane to coal and the evolution
mechanism of cracks, and it can be applied to the research on occurrence mechanism and early warning of rock burst.
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Introduction failure characteristic of coals under repeated loading affects
their long-term stability. It is also important in the investiga-
Coals go through repeated loading and unloading cycles dur-  tion and prediction of some dynamic disasters such as rock

ing the mining process. The strength and deformation-induced ~ burst (Wang et al. 2016), coal and gas outbursts (Wold et al.
2008), and water inrush (Wu et al. 2011). Rock burst is a
serious geological hazard in deep underground mines affect-
ing progress of mining operations. Although rock burst is a
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Fig. 1 Menger sponge model

be applied. So we can use fractal method to study the damage
degree of coal samples under different loading rates, further
make a thorough inquiry the danger degree of rock burst in
coal mine.

Fractal geometry (Engel 1983) focuses on certain irregular
curves with self-similarity which, simply put, refers to the
characteristic that a substructure resembles a superstructure
in the same form. As an effective mathematical tool for the
investigation of many irregular and self-similar phenomena in
nature, fractal geometry has made its impacts on areas such as
electrochemistry(Mahjani et al. 2016), mechanical design
(Angel et al. 2016), urban pattern design (Jevric et al. 2014),
and image processing (Bramowicz et al. 2014) since its estab-
lishment in 1983. It has been also applied in rock and soil
mechanics for the study of key issues including geological
structure, rock breakage, and the surface/porosity/joint rough-
ness of rock and soil particles. Certain issues that were previ-
ously difficult to define or solve now can be studied with this
new approach (Liu et al. 2015, 2016).

The engineering experience (Da et al. 2014) is that, during
coal mining and tunnel digging process where coal rocks and
the surrounding rocks are typically subjected to repeated load-
ing and unloading cycles, instability may occur, often accom-
panied with a sudden release of large amount of energy that
could trigger dynamic disasters such as rock bursts. This kind
of on-site mechanical environment of repeated loads could be
reproduced accurately with the cyclic loading and unloading
test on the coal samples in the laboratory.

And about the fractal characteristics of fragments under
different loading rates, many scholars did a lot of researches.
Because they chose different research objects and points, they
got different conclusions. For explaining the mechanism of
rock burst, Tian et al. (2016) carried out a simulation experi-
ment of rock burst was conducted with the granite samples
under a biaxial loading machine system to analyze the fractal
characteristics of the fragments from rock burst tests. Hou
et al. (2015) examined the dynamic fragmentation of brittle
rock by impact experiments using the split Hopkinson pres-
sure bar system and used the generalized extreme value
distribution to characterize the size distribution of the
fragments. Kong et al. (2016) conducted the triaxial
compression experiments of coal sample and found that the
amount of gas will cause a variation in the acoustic emission
signals and fractal dimension. Many scholars (Sui et al.
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2014; Nagahama 2000) found that the post-failure fractal di-
mension is related to the complexity of cracks in the rocks,
i.e., the fractal dimension can serve as a parameter to measure
the complexity of coal rock failure. The relationships between
fractal dimension and the surface density of fissure, strength,
and energy dissipation provide in-depth insight into the rock
failure process and energy evolution characteristics under dif-
ferent conditions (distribution patterns of fractures in the rock,
loading method, and rate).

However, unlike some dense and homogeneous rocks such
as marble, granite, and sandstone, which are the focus of the
studies cited above, the coal rocks contain a large number of
pre-existing fissures. After being crushed, many fragments
with a wide range of sizes are produced, of which the fractal
characteristics have been paid little attention. Particularly, the
distribution characteristics of coal rock fragments under cyclic
loading conditions were never investigated. Therefore, it is
necessary to carry out research in fractal characteristics of coal
rock fragments under uniaxial cyclic loading conditions.

The purpose of this study was to verify the damage degree
of the coal samples under different loading rates; the fractal
study of coal fragments as a tool was used; the fractal charac-
teristics of fragments are used to discuss the risk degree of
rock burst in coal mine. In this study, we used a MTS815.03
electrohydraulic servo testing system to conduct uniaxial cy-
clic loading and unloading tests on the coals from Yangcheng
Coal Mine, Shandong, China. The coal rock fragments with
different sizes were analyzed, the effects of loading rate on the
distribution of coal rock fragments were investigated, and the
relationships between fractal dimension and loading rate were

Fig. 2 Specimens of coal
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Table 1 Coal specimen’s basic parameters

Group no. No. Height (mm) Diameter (mm) Quality (g) Density (g cm °)
1# Cl1 92.94 48.50 231.53 1.35
Cl12 94.12 48.84 235.09 1.33
Cl13 95.21 48.76 237.56 1.34
2# C21 92.38 48.78 232.35 1.35
C22 96.08 48.66 242.35 1.36
C23 96.24 48.62 242.68 1.36
3# C31 95.42 48.72 238.42 1.34
C32 97.20 48.72 256.21 1.41
C33 97.36 48.74 266.76 1.47
4# C41 96.50 48.82 248.34 1.38
C42 97.68 48.64 267.76 1.48
C43 95.76 48.78 241.95 1.35

established. The result gives us knowledge on coal rock fail-
ure response mechanism under repeated loads, as well as a
basic experimental setup/procedure for further investigation
of the mechanisms and related catastrophic processes of cer-
tain dynamic disasters such as rock burst and explosion.

Calculation of the fractal dimension
of the rock fragments

As stated above, although the generated rock fragments with
explosion or mechanical actions differ in size and shape, they
can all be roughly taken as cuboids in a macroscopic view.
From a geometric point of view, the crushing process is a
change of cuboid dimensions: the rock is broken into some
roughly cubic pieces, some of which are further crushed into
even smaller cubic pieces. The formed small rocks with vari-
ous sizes exhibit a self-similar pattern, i.e., the part is a mini-
ature of whole. This is the fractal characteristics.

Rock structure can be simulated using Menger sponge model
(Ciesla and Barbasz 2013) shown in Fig. 1. Constructed based
on a certain configuration, the sponge is a complex structure
with many pores. Assuming that the initial density of unit cube

Loading control

Fig. 3 MTS815.03 test system

is denoted as p,, the average density of the generated pattern
after n iterations is

n=(5) 1)

when n — o, p,, =0, suggesting that the actual mass or the
volume of Menger sponge is zero. In other words, under certain
pressure, the sponge becomes two-dimensional, which means
that the solid-looking cube is essentially a partially solid 3D
structure whose actual dimension ranges from 2.0 to 3.0. One
sees here that, while integer dimensions in classical geometry
only give the material’s appearance (for example, a stereo struc-
ture is 3D while a planar one is 2D), the fractal dimension can
better depict the material’s intrinsic properties.

Fractal dimension has different definitions, of which the
most common one is based on self-similarity and can be
expressed as

. In N
D = —lim
e—0 Ine

or NguefD (2)

where € denotes the scale, N. denotes the measured quantity on
this scale, and D denotes the fractal dimension of the object.

If the post-failure rock fragments show a fractal distribu-
tion, and the length-quantity, width-quantity, and thickness-
quantity show fractal characteristics, the slope of the linear
segment of the 1gN;; — 1g(Lna/L;) curve is the fractal dimen-
sion D of the object. The L., here denotes the maximum size
of the rock fragments in scale space and L, denotes the char-
acteristic value of the scale size.

As to the calculation of size-quantity fractal characteristics
of the rock fragments, the length, width, and thickness of the
cuboid fragment can be converted to the equivalent side length
Lq of a cube. For some fine particles or micro-particles whose
dimensions are hard to measure directly, screening was first
performed. Using the particle diameter as the equivalent side

@ Springer
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Table 2  Classification standard and analysis method for coal rocks
Fragment category Size range (mm) Study methods Results
Particles 0~0.3 Sieving Mass distribution
0.3~0.6 Quality weigh Fractal result
0.6~1.0
1.0~2.0
2.0~5.0
Fine fragments 5.0~10.0 Quality weigh Mass distribution
15.0~30.0 Size measurement Size characteristics
Fractal result
Medium fragments 30.0~50.0 Quality weigh Mass distribution
Coarse fragments 50.0~75.0 Size measurement Size characteristics

Fractal result

length, particle count statistics was obtained with sampling
statistics method. The fractal dimension can be calculated by

(3)

where N denotes the number of fragments with the equivalent
side length of the characteristic particle size no smaller than
Leq, No denotes the number of fragments with the maximum
characteristic size of Legmax, and D denotes the fractal dimen-
sion. When the curve was plotted in log-log coordinate, the
slope is the fractal dimension.

If the number of fragments with the diameter over the max-
imum characteristic size L. is denoted as N Leg» the following

N =N, (Leq/Leqmax)iD

expression can be obtained from Eq. (2):
Ni,oLeg ” (4)
dN«Leg P dLe (5)

If My, is the cumulative mass of the fragments with a
diameter smaller than L. and M the total mass of the frag-
ments within the calculation scale, when the fragment

placement obeys Weibull (Wong et al. 2006) distribution, we
get

% — l-exp [ (%‘*) b] (6)

where o denotes the average size of the rock fragments and b
denotes the mass-frequency distribution index. When (Leq/b)b
< <1, Eq. (6) becomes

ML&q L €q ’
== 7
(s ™)
Since dM « chfb - 1chq, considering that dM « ch3dN, we
get the size-mass fractal characteristics of the rock fragments as

lg(M; /M
b — g( Leq/ ) ( 8)
1gLeq
From (8), the fractal dimension is
D =3-b 9)

Table 3  Basic physical and mechanical parameters of coal specimens under different loading rates

Loading rate (kN/s) Sample no. No. Longitudinal wave velocity (m s')  Peak intensity (MPa)  Elastic modulus (GPa) Peak strain (1073)

1 YCM-31 Cl1 19713 23.22 3.15 12.86
YCM-32 Cl12 1844.6 24.00 324 12.87
YCM-33 CI3 19854 21.01 3.04 11.33

2 YCM-34 C21 18758 25.93 334 13.83
YCM-35 C22  1920.1 20.77 2.89 12.89
YCM-36 C23  1886.5 23.24 3.11 12.67

3 YCM-37 C31 18542 21.30 2.84 14.39
YCM-38 C32 19843 24.94 3.26 12.13
YCM-39 C33  1944.6 26.04 3.45 11.50

4 YCM-310 C41 1814.7 25.80 331 11.96
YCM-311  C42 18547 30.81 3.53 13.13
YCM-312 C43  1890.5 26.50 3.13 13.13
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Fig. 4 Coal stress-strain curve in a b
axial direction under different 24 - 28 -
loading rates (V =1 kN/s)
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where M, /M denotes the cumulative percentage content of
the fragments with the equivalent length smaller than L. and
M;,, denotes the mass of the fragment with the equivalent
length of L.

According to the above-described calculation procedure of
the fractal dimension D, one should first screen out and weigh
the rock fragments from loading-induced failure to get the
percentage content of the mass of the fragments with diame-
ters smaller than L in total rock mass M Leg /Leg; the curve is
then plotted in a log-log coordinates (IgL,, and 1g (M Leg /Leq)
for x-axis and y-axis, respectively). As long as there is a linear
segment in this curve, the fractal characteristics in fragment
distribution is confirmed; if multiple linear segments with dif-
ferent slopes are observed, the fragment distribution shows
statistical self-similarity on multiple scales. Based on the par-
ticle size ranges of various linear segments and the related
slopes (b), the non-scale zone of the fragments’ fractal distri-
bution and the corresponding fractal dimensions (D) can be
calculated according to Eq. (9).

Test conditions and method

Preparation of the specimens

In this study, the coal samples were collected from the third
coal seam in the 1302 excavation face of Yangchen Coal

Mine, Shandong Jikuang Luneng Coal and Electricity Co.,
Ltd. According to the identification result by the Laboratory
of Rock Mechanics, Beijing Coal Mining Institute, China
Coal Research Institute, this coal seam shows weak outburst
proneness. In order to reduce the coal rock’s discreteness as
much as possible, the intact and unweathered coal rocks of
desirable dimensions (length >200 mm, width and height
within 15~20 mm) were collected and sealed on-site before
they were carried back to the laboratory for further processing.
Figure 2 shows the processed coal specimens, which are
$50 mm x 100 mm with two end faces polished to get paral-
lelism within +0.02 mm.

The processed coal specimens were then divided into three
groups, each consisting of three specimens. The specimens’
size and mass were now accurately measured: each parameter
was measured three times to get the average value as the final
result. Table 1 lists the coal specimen’s basic parameters.

Test system and loading method

In this study, the electrohydraulic servo load test system
(MTS815.03) developed by Shandong University of Science
and Technology, which is shown in Fig. 3, was used. The
maximum axial load is 4600 kN; the horizontal and vertical
measuring ranges of the uniaxial extensometer are =4 mm and
—2.5~+ 12.5 mm, respectively.

@ Springer
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Fig. 5 Classification feature of
typical samples under different
loading rates (V =1 kN/s)
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The force loading mode was used. Since the coal speci-
mens are of low strength, the force was gradually stepped up
with 10 kN increment until the specimens were completely
destroyed. In the loading sequence of 0.5 — 10 — 0.5 —
20 — 0.5 — 30 kN, the loading rate was set at 1, 2, 3, and
4 kN/s, respectively. In each set of experiments, three speci-
mens were tested. After the tests, the specimens with loading-
induced failures were sealed for further investigation on the
size and mass of the fragments.

Fractal statistics of the fragments

Different suitable fractal methods were selected for fragments
with different scale ranges. As the abundant pre-existing frac-
tures in coal rocks result in large quantity of fragments smaller
than 5 mm, which is hard to measure directly with tools like a
vernier caliper, screening method was used to classify these
small pieces. For the fragment with the maximum size along
any direction over 5 mm, the length, width, and thickness
were measured with a vernier caliper. Based on the largest

@ Springer

dimension, the fragments were placed into different groups
for different analysis methods.

According to the classification method described in litera-
ture (24 Huang 2012), the coal rock fragments were classified
into four groups according to the crushing size: particles
(smaller than 5 mm), fine fragments (5-30 mm), medium
fragments (30—50 mm), and coarse fragments (50—75 mm).
Since the number of particles and fine fragments are usually
large, for more in-depth characterization, they were further
divided into subgroups (five subgroups for particles and two
for fine fragments). Table 2 lists the classification standard and
analysis method for coal rocks.

Calculation of the fractal dimensions of rock
fragments

To comprehensively characterize the fragment distribution un-
der different loading rates, we selected suitable ranges to per-
form fractal calculation on scale-quantity, crushing size-quan-
tity, and size-mass. It is different from previous research
workers (Hou et al. 2015), who often use the equivalent length
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Fig. 6 Size characteristics under uniaxial cyclic loading (V =1 kN/s)

to study the fragments characterized. However, it is unable to
describe the specific size characteristics of coal fragments. For

Table 4 Length division and quantity under different loading rates

Length/width/
thickness

Section (mm)

Quantity

1 kN/s 2kN/s 3 kN/s 4 kN/s

15.0~30.0
30.0~40.0
40.0~50.0
50.0~60.0
>60.0
10.0~15.0
15.0~18.0
18.0~20.0
20.0~25.0
>25.0
1.0~6.0
6.0~10.0
10.0~14.0
14.0~20.0
>20.0
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the particles with small size that is hard to measure, sieves are
used to divide them into five grades: 0.3, 0.6, 1.0, 2.0, and
5.0 mm; the collected mass of each grade was weighed and
recorded for further analysis.

In order to study the fractal characteristics of fragments
in detail, there are different size ranges in order to divide
zones on different dimensions of length, width, and thick-
ness. Two principles should be followed: firstly, to ensure
the scientific data compared with different zones, there is a
sufficient amount of coal and rock debris in each zone;
secondly, make the distribution of large size fragments
more reasonable, and then reduce the influence of the larger
size detritus due to the uneven distribution on the test re-
sults. For example, if there are no fragments in one range, or
most of the fragments mainly concentrate on a particular
size range, this will have a very large impact on the test
results, and the results will be inaccurate because of the
quantity distinct difference. So we require a certain number
of fragments in each zone and make the distribution of large
size fragments more reasonable.

@ Springer
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Fig. 7 Logarithmic plot of size-cumulative number under different load-
ing rates. a Length logarithmic plot. b Width logarithmic plot. ¢
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Through a large number of different size ranges compari-
son and analysis, we have determined the optimal scheme to
divide zones on different dimensions is determined. The fol-
lowing fragment dimension zones are established for fractal
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Fig.8 Fractal dimension of size-cumulative number under different load-
ing rates
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Table 5 Partition and quantity of equivalent length under different
loading rates
Equivalent length (mm) Quantity

1 kN/s 2 kN/s 3 kN/s 4 kN/s
10.0~17.0 14 17 13 20
17.0~20.0 8 8 10 7
20.0~25.0 5 4 11 7
25.0~35.0 4 4 5 4
>35.0 3 4 2 2

analysis: for length, 15~30, 30~40, 40~50, 50~60, and over
60 mm; for width, 10~15, 15~18, 18~20, 20~25, and over
25 mm; for thickness, 1~6, 6~10, 10~14, 14~20, and over
20 mm. Fractal dimensions were calculated for length-quanti-
ty, width-quantity, and thickness-quantity, respectively. In
each scale range, the fractal dimension of size-quantity was
calculated according to Eq. (3), and the fractal dimension of
equivalent length-mass was calculated with Egs. (8) and (9).

Results and discussion

Coal rock fragments’ size characteristics
under different loading rates

Coal rock’s stress-strain characteristics under different
loading rates

The basic physical and mechanical parameters of the coal
rocks under different loading rates are listed in Table 3, which
shows that the average peak strengths under these four loading
rates are 22.74, 23.31, 24.09, and 27.70 MPa, respectively,
while the average peak strains are 0.0124, 0.0131, 0.0129,
and 0.0127, respectively. When the loading rate increases,
the coal rock strength increases gradually, while the average
peak strain follows no obvious change pattern. The average
strength of coal rock under cyclic loading test is greater than
the value under static uniaxial loading. This can be attributed

L4 L 1kNss
. 2KN/s y = 1.4266x +0.2249 -t
12 f . e
* 3kN/s R7=0988 .-
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Fig. 9 Logarithmic diagram of equivalent length-number under different
loading rates
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Fig. 10 Fractal dimension of equivalent length-number under different
loading rates

to the presence of large number of micro-cracks in coal rocks.
Under cyclic loading process, many fine detritus produced
with local failures may displaced and find their way into near-
by cracks. This helps to increase the friction of the fracture
planes in the coal rock to enhance its strength.

The axial stress-strain curves under different loading rates
are displayed in Fig. 4, which shows that the curves actually
go through the same four stage series: compaction, linear elas-
tic, elastic-plastic, and failure. In all curves, the unloading
curve sections go below their corresponding loading ones.
The pre-peak strain behaviors, however, differ under different
loading rates: under a loading rate of 1 kN/s, the coal rock
undergoes post-peak plastic deformation before a quick drop
in strength; under a loading rate over 3 kN/s, the curve shows
obvious fluctuations (i.e., broken lines) before the peak
strength, suggesting the onset of a pseudo-failure
phenomenon.

Coal rock’s failure modes under different loading rates

Figure 5 displays the classification features of typical samples
(C11, C21, C31, and C41) after failures under different load-
ing rates. From classification features of some typical samples
can be found that shape characteristics are evident with the
fragments, which are mostly irregular wedges and bulks. As
shown in Table 1, each group contains 3 specimens, all

Table 6 Partition and quality of equivalent length under different
loading rates

Equivalent length (mm)  Mass greater than equivalent length (g)

1 kN/s 2 kN/s 3 kN/s 4 kN/s
0.3 5.3 5.29 532 6.06
0.6 8.67 7.07 7.61 9.6
1 10.77 12.09 8.84 13.68
2 44.17 34.21 36.73 48.03
5 139.14 56.16 100.37 120.27
10 77.8 49.08 51.05 85.98
20 98.39 48.71 94.86 112.94
30 130.1 222.68 104.08 89.43

fragments of coal specimens in each group are analyzed after
loading failure. The following conclusions are obtained:

1. The coal rock fragments from cyclic loading are charac-
terized by self-similarity.

2. As loading rate increased, the number of the large coal
rock fragments decreased gradually, while the numbers of
medium-size and small coal rock fragments increased
significantly.

3. As the loading rate increases, the sample is crushed more
thoroughly, producing more fragments which tend to be
flakes with more uniform sizes, smaller masses, and a
higher degree of self-similarity.

Coal rock’s shape distribution characteristics under different
loading rates

In order to investigate the size characteristics of the coal rock
fragments under different loading rates, the lengths, widths,
and thicknesses of the fragments were measured by a vernier
caliper, so that the length-to-width, length-to-thickness, and
width-to-thickness ratios were calculated. Figure 6 shows
the calculation results, which were ranked in length-to-width
ratio from small to large.

In Fig. 6, the fragment number was named in a certain order
of length-to-width ratio from small to large, and the trends of
length-to-thickness and length-to-thickness are studied. It can
be observed that, the fragment’s size distribution exhibits sim-
ilar characteristic under different loading rates. With the in-
crease of loading rate, the length-to-width ratio increased
gradually at a slow rate; the length-to-thickness increased
greatly in a fluctuant way, and the width-to-thickness ratio
fluctuates around a certain value while showing a decreasing
overall trend.

In combination with the coal rock fragments’ failure mor-
phologies, one sees that, for the coarse fragments, both the
width and thickness shrink along with the length, but at small-
er rates than that of the length. The length-to-thickness ratio is
large, but as the loading rate increases, the drop in thickness is
less significant than those of length and width, i.e., the frag-
ments become more like be square flakes.

Coal rock fragment's fractal characteristics
under different loading rates

Scale-quantity fractal dimensions
The specimens were classified into several groups according
to their lengths, as shown in Table 4. Figure 7 shows the fractal

dimensions of the coal rock’s size-cumulative number under
different loading rates, in which the slope is the fractal
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Fig. 11 Logarithmic plot of equivalent length-quality under different loading rates (V =1 kN/s)

dimension and N;; denotes the cumulative number of the frag-
ments with the length smaller than L.

As shown in Fig. 8, the logarithmic size-quantity curves
under different loading rates show high goodness of fit. Under
different loading rates (1, 2, 3, and 4 kN/s), the fractal dimen-
sions of length-quantity are 0.74, 0.98, 1.15, and 1.44, respec-
tively; for width-quantity, the values are 0.44, 1.0, 1.12, and
1.65, respectively; for thickness-quantity, they are 1.0, 1.13,
1.83, and 1.33, respectively. Under small loading rates, the
size-quantity fractal dimensions are small, suggesting that
the coal rock had a low crushing degree with fragments large
in size and differing greatly in length, width, and thickness.
Under a loading rate of 4 kN/s, lots of too-small-to-measure
detritus were produced, and the measurable fragments are
found mostly in the range of 6~14 mm in thickness, giving a
low thickness-quantity fractal dimension.

24
| y =0.026x + 2.245
24 R2=10.9941
Q23¢
23 ¢
2.2 L L L L
0 1 2 3 4 5
Loading rate (kN/s)

Fig. 12 Fractal dimension of equivalent length-quality under different
loading rates

@ Springer

It can be observed from Fig. 7 that the size-quantity fractal
dimension increased steadily with the increase of loading rate.
Under a greater loading rate, the coal rock shows a higher
crushing degree with fragments more uniform in length,
width, and thickness.

Fractal dimensions of crushing size-quantity

For a fragment, the equivalent length reflects comprehensive-
ly the space occupied by each piece. Table 5 lists the
partitioning of the equivalent length and the number of frag-
ments in each range.

Figure 9 shows the logarithmic curves of the fractal dimen-
sions of the equivalent side length-quantity under different
loading rates. It can be observed that, under different loading
rates (1, 2, 3, and 4 kN/s), the fractal dimensions of equivalent
side length-quantity are 1.28, 1.42, 1.46, and 1.8, respectively,
as shown in Fig. 10. With the increase of loading rate, the
fractal dimension increased gradually, suggesting that the
fragment dimensions actually decreased gradually and be-
came more uniform.

Fractal dimensions of crushing size-mass

In this study, the calculated equivalent side lengths of the coal
rock fragments ranged from 0.3 to 30 mm. Table. 6 shows the
partitioning of the equivalent length and the mass of fragments
in each range.
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The logarithmic curves of the fractal dimensions of equiv-
alent side length-mass under different loading rates are
displayed in Fig. 11. Under different loading rates (1, 2, 3,
and 4 kN/s), the fractal dimensions of equivalent side
length-mass are 2.27, 2.30, 2.32, and 2.35 from Eq. (9), re-
spectively, as are also shown in Fig. 12. The calculated fractal
dimensions increased linearly with the increase of loading
rate, suggesting a significant drop in the size of large frag-
ments. The overall decrease in mass is manifested by a shift
of the peak mass toward smaller values, accompanied with a
shrink in spreading.

It should be noted that this study mainly focused on the
coal rock fragments’ classification and fractal characteristics
under different loading rates, with little attention paid to the
destruction process and energy dissipation. In future studies,
we will conduct in-depth studies on the coal rock’s destruction
process and energy evolution under uniaxial cyclic loading
conditions to explore the relationship between coal rock’s en-
ergy dissipation and fragment distribution characteristics un-
der different loading rates.

Conclusions

In this study, the classification and fractal characteristics of the
coal rock fragments under different loading rates were inves-
tigated using cyclic loading method. The conclusions are as
below.

1) Under various loading rates, the length-quantity fractal
dimensions of the coal fragments ranged from 0.74 to
1.44, the width-quantity fractal dimensions ranged from
0.44 to 1.65, and the thickness-cumulative mass fractal
dimensions ranged from 1.0 to 1.33. Under a small load-
ing rate, the dimension-quantity fractal dimensions are
relatively small, suggesting that the coal rock was less
crushed, with large fragments differing greatly in length,
width, and thickness. As the loading rate increased, the
specimens were crushed more thoroughly, and the frag-
ments became more uniform in length, width, thickness,
and overall size.

2) The coal rock’s crushing size-mass fractal dimensions
under different loading rates are 2.27, 2.30, 2.32, and
2.35, respectively. With the increase of loading rate, the
size and mass of large fragments dropped significantly,
manifested by a shift of the peak mass toward smaller
values, with a tighter spread.

3) As the loading rate increased, the fractal dimension of
coal fragments increases gradually; the specimens were
crushed more thoroughly. It means that the energy re-
leased after sample failure, the accumulation of energy
before the pre-peak are great. The test results indicated

that the higher the mining or tunneling rate, the more the
risk of rock burst.
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